Objective: To examine the influence of long-term exposure and timing of physical activity (PA) on new joint pain/stiffness in mid-age women. Methods: Data were from 5105 participants (born 1946e51) in the Australian Longitudinal Study on Women's Health (ALSWH) who completed survey items on PA (1998, 2001 and 2004) and joint pain/ stiffness (2007 and 2010). PA was categorized in five levels at each survey and summed into a cumulative PA score (CPA, range 0e12). Associations were analysed using logistic regression, with separate models for the cumulative model (using CPA), the sensitive periods model (i.e., PA measured at each survey in one regression model) and the critical periods model (i.e., separate regression models for PA at each survey). Results: 951 (18.6%) participants reported new-onset joint pain/stiffness. In the cumulative model, CPA was associated joint pain/stiffness when included as a continuous variable (adjusted odds ratio [OR] ¼ 0.97, 95% confidence interval [CI] ¼ 0.95e0.99), but not when included as a categorical variable. In both the sensitive periods and critical periods models, low to high levels of PA in 2001 and 2004 had stronger inverse associations with joint pain/stiffness than PA levels in 1998. The model fit was better for the sensitive periods than the cumulative or critical periods models. Conclusions: In mid-age women, PA between the ages 47 and 58 was associated with a lower risk of joint pain/stiffness 9 years later. Associations were stronger for PA in the last 6 years than for earlier PA.
Introduction
Osteoarthritis (OA) is a highly prevalent and disabling chronic joint disease, which becomes more common with age, and more women than men are affected 1, 2 . The pathologically of clinical OA is characterised by focal areas of damage to the articular cartilage on load-bearing areas, associated with new bone formation at the joint margins (osteophytosis), changes in the subchondral bone, variable degrees of mild synovitis, and thickening of the joint capsule 3 . While clinical OA is a late-stage condition for which diseasemodifying opportunities are limited, OA typically develops over decades, offering a long window of time to potentially alter its course 4 . For this purpose, insight in pre-OA risk factors for the onset of joint symptoms (e.g., joint pain related to use and short-lasting inactivity stiffness of joints) is important.
Previous research has shown that mechanical overload, obesity and joint injury are important modifiable pre-OA risk factors 3 . Physical activity (PA) has been found to be associated with an increase in cartilage volume, and decrease in cartilage defects, and less joint space narrowing 5 . These findings suggest that PA is a potential target for interventions to prevent joint problems 5 . However, little is known about the volume and timing of PA that is required to prevent onset of joint symptoms.
The aim in this study was to examine the importance of timing and long-term exposure to PA for the onset of joint pain and stiffness during mid-age in women. Three models were compared: (1) the cumulative model assumes that the effect of PA is additive and that all time points are equally important; (2) the sensitive periods model assumes that the effect of PA is more important at certain time points than at other time points, and (3) the critical period assumes that the effect of PA is important at one time point only. To avoid reverse causation, PA at 1998, 2001 and 2004 was associated with new report of joint pain/stiffness in 2007 or 2010. In addition, the role of body mass index (BMI) in this association was examined and appropriate adjustment was made if required.
Method

Participants
Data were from the mid-age cohort (born 1946e1951) of the Australian Longitudinal Study on Women's Health (ALSWH); a prospective study of the health and well-being of three generations of women 6 . As reported elsewhere, samples were randomly drawn from the national Medicare health insurance database, which includes all Australian citizens and permanent residents, with intentional over-representation of women from rural and remote areas 6, 7 . More details about the study can be found at www.alswh. org.au. The study was approved by Ethics Committees of the Universities of Newcastle and Queensland, and informed consent was received from all participants. Baseline surveys were mailed in 1996, with the first follow-up in 1998 and then at three yearly intervals to 2010. Comparison of the baseline sample (n ¼ 13,715, response rate 54%) with Australian census data indicated that the sample was representative of Australian women in this age group, but with a somewhat higher representation of partnered women and women with post-school education 7 . As the items for PA differed in the first survey, data from surveys 2 (1998) to 6 (2010) were used for this paper. The response rates for these surveys were 90.0%, 81.9%, 79.5%, 77.6% and 73.0%, respectively. The inclusion and exclusion criteria and reasons for drop-out are presented in Fig. 1 .
Joint pain/stiffness
At each survey, participants were asked to indicate the frequency of experiencing joint pain and stiffness in the last 12 months. Response options were never, rarely, sometimes, and often. Onset of joint pain/stiffness was defined as reporting having joint pain/stiffness often at surveys 5 (2007) or 6 (2010). As described above, participants who reported having joint pain/ stiffness often at earlier surveys were excluded from the analyses. Unfortunately, no details were available on which joint or the intensity of the pain/stiffness. Fig. 1 . Flow chart of participants in the ALSWH included in the current analyses. Participants were included if they returned survey 2 (1998) and excluded if they (1) reported limitations walking 100 m at survey 2; (2) reported joint pain/stiffness at surveys 2, 3 or 4; (3) had missing data for or PA at surveys 2, 3 or 4; and (4) had missing data for joint pain/ stiffness at survey 5 or 6.
PA
PA at surveys 2 (1998), 3 (2001) and 4 (2004) was assessed using a modified version of the Active Australia questionnaire, which has acceptable measurement properties (testeretest correlation ¼ 0.64, correlation with accelerometry ¼ 0.52) 8 . Participants were asked to report duration in the last week of walking (for recreation, exercise or transport), moderate leisure-time activities (e.g., social tennis, recreational swimming, dancing), and vigorous leisure-time activities (activities that make you breathe harder or puff and pant, e.g., aerobics, competitive sport, vigorous cycling). Time spent in each activity (minutes/week) was multiplied by a metabolic equivalent (MET) score to reflect the average intensity of the activities in that category: 3.33 for walking briskly, 3.33 for moderate leisure time activities, and 6.66 for vigorous leisure time activity 9, 10 . To estimate PA, MET.min/ week from walking briskly, and doing moderate and vigorous leisure time activities were summed. In line with Active Australia protocols, outliers for this summary score (seen in 0.4% of women) were truncated at 40 h/week 11 . The scores were categorized according to level of PA: inactive ¼ 0, very low ¼ 1e249, low ¼ 250e499, moderate ¼ 500e1000 and high ¼ >1000 MET.min/week.
To calculate cumulative physical activity (CPA), participants were assigned 0e4 points according to their PA level at each survey. The scores for surveys 2, 3 and 4 were then summed (range 0e12), and then categorised as none ¼ 0 points (inactive at all surveys), low ¼ 1e4 points (inactive or very low levels on all surveys), medium ¼ 5e8 points (low or moderate levels on all surveys), and high ¼ 9e12 points (moderate to high PA on all surveys).
Socio-demographic and health variables
Socio-demographic and health variables were measured at survey 2 (except level of education which was only asked at survey 1) and categorised as shown in Table I . BMI was calculated using self-reported weight and height (kg/m 2 ). Chronic conditions were assessed by asking: "In the past 3 years, have you been diagnosed with or treated for: diabetes, heart disease, stroke, asthma/bronchitis and cancer". Depressive symptoms were assessed using the 10-item Center for Epidemiologic Studies Depression Scale (range 0e30); higher scores indicating more symptoms 12, 13 . Copies of the surveys can be obtained from www.alswh.org.au/for-researchers/ surveys.
Statistical analyses
Descriptive statistics were used to summarize sample characteristics for women with and without joint pain/stiffness. Continuous variables that were approximately normally distributed were presented as means and standard deviations (SD) and group differences were tested using ANOVA. Continuous variables that were not normally distributed were presented as medians and interquartile ranges (IQR) and group differences were tested using the KruskaleWallis test. Categorical variables were presented as percentages and group differences were tested using the chi-squared test.
The association between PA and joint pain/stiffness was analysed using logistic regression. Each of the three models were examined separately. Potential interaction with BMI was examined by (1) including a BMI*PA product term, and (2) fitting the model for strata of BMI. Potential confounders were selected based on previous studies and included marital status, level of education, job status, smoking status, BMI (if no interaction or mediation), menopausal status, chronic conditions, and depressive symptoms 5,14e18 . All models were adjusted for age and area of residence and additionally for those variables (education, BMI and depressive symptoms) that were significantly associated with the exposure and outcome and led to a change in the regression coefficient of more than 10%. If the percentage change in regression coefficient was greater than 50% after adding BMI, BMI was considered a mediator. As 567 cases had missing values on at least one of the potential confounders, multiple imputation by chained equations was used to impute these missing values. 19, 20 To examine which model fitted the data best, a series of logistic regression models was run in which PA was included in five different ways. The cumulative model included CPA as a continuous and a categorical variable in separate models. The sensitive periods model included the three PA time points in the same model. The critical periods model consisted of three separate models for each of the PA time points. For each model, the model fit was assessed with the log likelihood and Akaike information criterion (AIC) and compared with that of a saturated model using the likelihood ratio test 21 . The saturated model included all three PA time points and all 2-, 3-and 4-way interactions; this model should in theory have the maximum model fit. To examine whether PA added to the model fit at all, an empty model was also run, which included no measures of PA. All analyses were done using STATA 11.1 (StataCorp LP, College Station, TX). P-values were based on two-sided tests and were considered statistically significant at P < 0.05.
Results
In 1998, the 5105 women in the study were on average 49.5 (SD 1.5) years old and more than half lived in rural and remote areas. In 2007 and 2010, 951 (18.6%) reported often having joint pain/stiffness for the first time. These women differed from women without joint symptoms with respect to level of education, smoking status, BMI, chronic conditions, depressive symptoms and menopause status ( Table I) .
The product term of BMI and CPA in the association with joint pain/stiffness was significant when CPA was included either as a continuous variable (P ¼ 0.004) or a categorical variable (P ¼ 0.01). The product terms in the sensitive periods models were significant for survey 3 (P ¼ 0.001), but not for surveys 2 or 4 (P ! 0.10). The product terms in the critical periods model were significant for survey 2 (P ¼ 0.03) and 3 (P < 0.001), but not for survey 4 (P ¼ 0.53). Inspection of the effects for strata of BMI showed that the proportions of participants with joint pain/stiffness were higher in obese and overweight participants than in normal weight participants (Table II) , but that the direction and magnitude of the effects were in the same range across strata of BMI (data not shown). Therefore, further analyses were done for the total sample. Also, the percentage change in the regression coefficient for PA was less than 50%, suggesting that BMI is a confounder rather than a mediator.
CPA was associated with joint pain/stiffness; one level higher PA at any of the time points between 1998 and 2004 was associated with a 3% lower odds of joint pain/stiffness in 2007e2010 (95% confidence interval [CI] 0.95e0.99) (Table III) . When CPA was categorized, no statistically significant association with joint pain/ stiffness was found. In the sensitive periods model, PA at surveys 3 and 4, but not at survey 2, was associated with lower odds of joint pain/stiffness (Table III) . At surveys 3 and 4, the odds of joint pain/ stiffness were lower for low to high levels of PA compared with none, with odds ratios (ORs) being in the same range across the two surveys. In the critical periods model, a similar pattern was found as for the sensitive periods model (Table III) .
Although not statistically significant, compared with the saturated model, the model fit for the cumulative model (P for log likelihood test ¼ 0.28) and critical periods model (P ¼ 0.06e0.23) was slightly lower, while the model fit for the sensitive periods model was similar (P ¼ 0.35) (Table IV ). This suggests that all time points are important, but that PA at certain time points may be more important for the development of joint pain/stiffness. The lower log likelihood and higher AIC statistics for the empty model compared with the other models, suggest that PA contributes to explaining the variance in joint pain/stiffness.
Discussion
The aim was to examine the importance of timing and longterm exposure to PA on the onset of joint pain and stiffness during mid-age in women. Higher volumes of PA between the ages 47 and 58 were associated with lower odds of joint pain/stiffness at the age of 56e64. However, PA from ages 52e58 seemed to be more important than at ages 47e52.
In this sample of mid-age women, higher levels of PA were associated with lower odds of developing joint pain/stiffness. These findings were in line with a previous study by our group, in which PA in 1999 was associated with lower odds of joint pain/stiffness 3 years later in 73e78 year old women 22 , but in contrast with other studies which found that PA was associated with increased odds of knee or hip pain 8 or 20þ years later 18, 23, 24 . Differences in study design (case-control vs cohort study; retrospective vs prospective), sample characteristics (sex, age, sample size, cultural differences in pain perception and management), timing and measurement of PA (i.e., duration of follow-up, exercise vs moderate-to-vigorous intensity PA and types of activity) are likely to explain these contrasting findings and hamper a more detailed comparison of the studies. The contrasting findings may also be explained by a potential U-shaped relationship between PA and joint pain/stiffness. This was suggested in a recently published paper which examined relationships between PA and changes in cartilage quality 25 , but the study was underpowered and no firm conclusions could be drawn.
This paper used life-course modelling to examine the effect of timing of exposure to PA on the development of joint symptoms 21 . In a cumulative model, the exposure is assumed to have an additive effect on the outcome, with higher accumulation of exposure resulting in a greater effect on the outcome. Some evidence for this model comes from studies that have found cross-sectional or prospective associations between PA in various contexts (e.g., sports and occupation) before a certain age and risk of knee or hip OA later in life 26e29 . The cumulative model assumes that all periods are equally important. In contrast, the sensitive periods model assumes that some periods may be more important than others. This model was studied by Lane et al., who found that recreational PA as a teenager, at age 30 and at age 50 was associated with radiographic and symptomatic knee OA in older women, with higher ORs for exposure at early age than at age 30 and 50 23 . A critical periods model assumes that exposure at only one time point is important, Presented are the number of participants in each of the categories per survey (N) and the proportions of the participants with each category who reported having joint pain/stiffness for the first time at survey 5 or 6 (%). e.g., early life. Some evidence for this model comes from a study by Sutton et al., who found that walking and high amounts of exercise at age 20e24 were associated with an increased risk of selfreported knee OA, while no significant associations were found with high exposure at age 14e19 24 . Furthermore none of these studies compared the various models in the same data set. The current results show that CPA between the ages 47e58 was not significantly associated with joint pain/stiffness between the ages 56e64. In contrast, the sensitive periods showed that PA in 2001 and 2004 (aged 50e55 and 53e58, respectively) was associated with joint pain/stiffness but that PA in 1998 (aged 47e52) was not (Table III) . The finding that the associations were highly similar when PA at each survey was put in one model (sensitive periods) and when PA at each survey was analysed in separate models (critical periods), suggests that the lack of significant associations at the 1998 survey was not explained by PA at the other surveys (Table III) . In other words, PA in 1998 did not add to the protective effect of PA in 2001 and 2004 on joint pain/stiffness. Moreover, the model fit for the sensitive periods model was similar to that of the fully saturated model (which theoretically should have the best model fit) and better than for the empty model, suggesting that PA does add to explaining the variance in joint pain/stiffness (Table IV) . Hence, the sensitive period model seems to describe the relationship between long-term PA and joint pain/stiffness better than the cumulative or critical periods models. Several explanations are possible for the current finding that recent years are more important than earlier years. First, it could be that the effect of PA on joint pain/stiffness changes over time. Regardless of how PA and joint problems were defined, studies with follow-ups >6 years tended to find that activity was associated with increased risks of joint problems 14, 18, 23, 24, 26 , whereas studies with follow-ups 4 years tended to find that activity was associated with reduced risks of joint problems 17, 22, 30, 31 , although the associations were not statistically significant in all studies. Perhaps activity at younger ages increases the risk of joint damage 15, 32 , while activity at later ages improves muscle strength and joint stability 33 . Second, from the current modelling, it is not clear whether the results found are specific for mid-age women or persist as the women grow older. Future research is needed in which the current modelling is repeated in populations of different ages to examine whether the current findings are age-specific or consistent over time. Third, this may be explained by the slightly different wording of the walking question in the 1998 survey compared with later years. In the 1998 survey, women were asked to record the time spent 'walking briskly' (so the women may not have reported all their walking), whereas in other surveys women were asked to record the time spent 'walking for recreation or exercise or to get from place to place'. However, cross-tabulations showed that proportions of participants who shifted between categories were similar across pairs of subsequent surveys. Fourth, it may also be that between the ages of 47e52 years most women were still experiencing the protective effect of oestrogen on OA 34 , albeit at lower levels, and this may have lessened the effect of PA on incident joint pain/stiffness, while the beneficial effects of PA became apparent after menopause. A fifth explanation could be that PA is particularly important in the non-symptomatic period of the disease. Pathological changes start before the first symptoms emerge. Perhaps the trophic effect of dynamic loading on cartilage in the early non-symptomatic phase can prevent or delay the pathological process. Further research is needed to clarify the mechanism explaining these findings.
The role of BMI in the association between PA and joint symptoms is not clear 35 . The relationships between PA and BMI and between BMI and OA are generally accepted 36, 37 . If physical inactivity causes an increase in BMI and BMI consequently causes an increased risk of joint symptoms, BMI could be a mediator. Although adjustment for BMI resulted in some attenuation in the current analyses, the attenuation was not substantial enough for BMI to be an important mediator (18e22% change in the regression coefficients). Alternatively, some evidence suggests that BMI may be an effect modifier in the PA-joint pain relationship. Although not statistically significant due to wide CIs, studies that conducted separate analyses for participants with low and high BMI found differential effects of high levels of activity on OA across the strata 16, 18 . This was however, not confirmed in the current analyses, where the effect of PA was similar in normal weight, overweight and obese subgroups. Most studies assume that BMI is a confounder and adjust for it in their analyses accordingly. In line with these studies and given the attenuation in the regression coefficients after adjustment for BMI, we decided to include BMI as a confounder.
Strengths of this study include the large sample size and long term follow-up that allowed the complex modelling while maintaining statistical power. Confounders were selected carefully based on previous research as well as statistical analyses. Previous research has suggested that adjustment should be made for history of injury 5 , but this information was not available in the current dataset. However, if PA causes injury and injury then causes OA, injury is more likely to be a mediator, in which case no adjustment should be made. An important limitation is the fact that our outcome 'joint pain/stiffness' is a crude indicator of joint problems; no information was available on type of joint and severity. The outcome may have included non-arthritis related joint pain such as low back pain. However, when the analyses were repeated excluding participants reporting having back pain often (n ¼ 445), the results were largely in the same range and would not have altered the conclusions. PA was based on self-report, which may have led to misclassification due to under-or over-reporting, however, the survey used has been found to have acceptable validity when compared with accelerometry (correlation ¼ 0.52) 8 . Although it can be questioned whether PA in the past week reflects long-term behaviour, the repeated measures strengthen the likelihood that the combined estimates reflect long-term behaviour. As the cut-points for the four CPA categories were arbitrary, we repeated the analyses with CPA in five categories with slightly different cut-points: none ¼ 0e1, low ¼ 2e4, medium ¼ 5e8, high ¼ 9e11 and very high ¼ 12. The results for this model were similar to those for CPA in four categories, with the same ORs for the high and very high categories. To prevent reverse causation, women with joint pain/stiffness prior to 2007 were excluded from the analyses, as were those with missing values for PA at the 1998, 2001 and 2004 surveys or for joint pain/stiffness at the 2007 or 2010 surveys. Women whose data were included in the analyses had higher levels of education, were less likely to be current smokers, scored lower on depressive symptoms, and were more likely to be pre-menopausal than women whose data were excluded (P < 0.001). Thus, the current sample was healthier than the general population, which limits the generalizability of the findings. Multiple imputation techniques were used to impute missing data for covariates, but sensitivity analyses including only those participants with complete data showed the same results with slightly wider CIs (data not shown). Replication of these analyses in populations with varying demographics and using objective measurements for PA is needed to examine the robustness of the current findings.
In conclusion, in mid-age women, PA between the ages 47 and 58 was associated with a lower risk of joint pain/stiffness 9 years later. The sensitive periods model fitted the relationship between PA and joint pain/stiffness better than the cumulative and critical periods models, suggesting that exposure at certain ages was more important than at other ages. More specifically, PA from ages 52e58 seemed more important than from age 47e52. This association did not seem to be mediated or modified by BMI. Further research is needed to clarify the mechanisms that explain these findings.
